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AUDIO MATCHING WITH SEMANTIC
AUDIO RECOGNITION AND REPORT
GENERATION

RELATED APPLICATIONS

The present application 1s a continuation of U.S. patent
application Ser. No. 13/725,004 titled “AUDIO MATCH-

ING WITH SEMANTIC AUDIO RECOGNITION AND
REPORT GENERATION” to Neuhauser et al., filed Dec.
21, 2012, which 1s a continuation-in-part U.S. patent appli-
cation Ser. No. 13/724,836 titled “Audio Processing Tech-
niques for Semantic Audio Recognition and Report Genera-
tion” to Neuhauser et al., filed Dec. 21, 2012, the contents
of which are incorporated by reference in entirety herein.

TECHNICAL FIELD

The present disclosure relates to systems, apparatuses and
processes for processing and communicating data, and, more
specifically, to process audio portions of media data to
extract audio signatures together with semantic audio fea-
tures, and converting the signatures and features for audi-
ence measurement research.

BACKGROUND INFORMATION

The use of audio “fingerprints” or “signatures” has been
known 1n the art, and was partly pioneered by such compa-
nies as Arbitron for audience measurement research. Audio
signatures are typically formed by sampling and converting
audio from a time domain to a frequency domain, and then
using predetermined features from the frequency domain to
form the signature. The frequency-domain audio may then
be used to extract a signature thereirom, 1.e., data expressing,
information mherent to an audio signal, for use in 1dentity-
ing the audio signal or obtaining other information concern-
ing the audio signal (such as a source or distribution path

thereol). Suitable techniques for extracting signatures
include those disclosed in U.S. Pat. No. 5,612,729 to Ellis,

et al. and 1n U.S. Pat. No. 4,739,398 to Thomas, et al., both
of which are incorporated herein by reference in their

entireties. Still other suitable techniques are the subject of

U.S. Pat. No. 2,662,168 to Scherbatskoy, U.S. Pat. No.
3,919,479 to Moon, et al., U.S. Pat. No. 4,697,209 to Kiewtt,
et al., U.S. Pat. No. 4,677,466 to Lert, et al., U.S. Pat. No.
5,512,933 to Wheatley, et al., U.S. Pat. No. 4,955,070 to
Welsh, et al., U.S. Pat. No. 4,918,730 to Schulze, U.S. Pat.
No. 4,843,562 to Kenyon, et al., U.S. Pat. No. 4,450,551 to
Kenyon, et al., U.S. Pat. No. 4,230,990 to Lert, et al., U.S.
Pat. No. 5,594,934 to Lu, et al., European Published Patent
Application EP 0887958 to Bichsel, PCT Publication
W0O/2002/11123 to Wang, et al. and PCT publication
WO/2003/091990 to Wang, et al., all of which are incorpo-
rated herein by reference in their entireties. The signature
extraction may serve to identily and determine media expo-
sure for the user of a device.

While audio signatures have proven to be eflective at
determining exposures to specific media, audio signature
systems provide little to no semantic information regarding
the media. As used herein below, the terms ‘“‘semantic,”
“semantic mformation,” “semantic audio signatures,” and
“semantic characteristics” refer to information processed

2

from time, frequency and/or amplitude components of

media audio, where these components may serve to provide
generalized information regarding characteristics of the
media, such as genre, instruments used, style, etc., as well as
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2

emotionally-related information that may be defined by a
customizable vocabulary relating to audio component fea-

tures (e.g., happy, melancholy, aggressive). This may be
distinguished from *“‘audio signatures” that are used to pro-
vide specific mformation that 1s used for media content
identification, media content distributor identification and
media content broadcaster 1identification (e.g., name of pro-
gram, song, artist, performer, broadcaster, content provider,
etc.).

Some eflorts have been made to semantically classity,
characterize, and match music genres and are described 1n
U.S. Pat. No. 7,003,315, titled “Consumer Item Matching
Method and System,” 1ssued Feb. 21, 2006 and 1s 1incorpo-
rated by reference herein. However, these eflorts often rely
on humans to physically characterize music. Importantly,
such techniques do not fully take advantage of audio sig-
nature information together with semantic information when
analyzing audio content. Other eflorts have been made to
automatically label audio content for Music Information
Retrieval Systems (MIR), such as those described i U.S.
patent application Ser. No. 12/892,843, titled “Automatic
labeling and Control of Audio Algorithms by Audio Rec-
ognition,” filed Sep. 28, 2010, which 1s incorporated by
reference 1n 1ts entirety herein. However such systems can
be unduly complex and also do not take full advantage of
audio signature technology and semantic processing. As
such, there 1s a need in the art to provide semantic infor-
mation based on generic templates that may be used to
identily semantic characteristics of audio, and to use the
semantic characteristics in conjunction with audio signature
technology. Additionally, there 1s a need to i1dentity such
characteristics for the purposes of audience measurement.
Currently advertisers target listeners by using radio ratings.
These rating are gathered by using encoding or audio
matching systems. As listening/radio goes to a one-to-one
experience (e.g. Pandora, Spotifly, Songza, etc.), there 1s a
need for advertisers to be able to target listeners by the style
of music they listen, along with other related information.
Semantic analysis can 1dentily this information and provide
usetul tools for targeted advertisement. Furthermore, seman-
tic information may be used to provide supplemental data to
matched audio signature data.

SUMMARY

Accordingly, under one embodiment, a processor-based
method 1s disclosed for producing supplemental information
for audio signature data. The method comprises the steps of
receiving the audio signature data at an mput from a data
network, the audio signature data being received from a
device during a first time period, wherein the audio signature
data comprises data relating to at least one of time and
frequency representing a first characteristic ol media content
containing audio. Semantic audio signature data may be
received at the mput (or a different input) from the data
network, the semantic audio signature data being received
from the device for the first time period, wherein the
semantic audio signature comprises at least one of temporal,
spectral, harmonic and rhythmaic features relating to a second
characteristic of the media content, The method then suc-
cessively associates the semantic audio signature data to the
audio signature data in a processor for the first time period.

In another embodiment, a system 1s disclosed for produc-
ing supplemental information for audio signature data. The
system comprises an mnput configured to receive the audio
signature data from a data network, the audio signature data
being received from a device during a first time period,
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wherein the audio signature data comprises data relating to
at least one of time and frequency representing a {first

characteristic of media content containing audio. The 1mput
may further be configured to receive semantic audio signa-
ture data from the data network, the semantic audio signa-
ture data being received from the device for the first time
period, wherein the semantic audio signature comprises at
least one of temporal, spectral, harmonic and rhythmic
features relating to a second characteristic of the media
content. A processor may be operatively coupled to the
input, where the processor 1s configured to successively
associate the semantic audio signature data to the audio
signature data in a processor for the first time period

In yet another embodiment, a processor-based method 1s
disclosed for producing supplemental information for audio
signature data. The method comprises the steps of receiving
the audio signature data at an input from a data network, the
audio signature data being recerved from a device during a
first time period, wherein the audio signature data comprises
data relating to at least one of time and frequency repre-
senting a first characteristic of media content containing
audio. Further, semantic audio signature data may be
received at the mput from the data network, the semantic
audio signature data being received from the device for the
first time period, wherein the semantic audio signature
comprises at least one of temporal, spectral, harmonic and
rhythmic features relating to a second characteristic of the
media content. The semantic audio signature data may then
be successively associated to the audio signature data in a
processor for the first time period, where the associated
semantic audio signature data and audio signature data 1s
processed to determine changing second characteristics in
relation to a first characteristic.

Additional features and advantages of the various aspects
of the present disclosure will become apparent from the
tollowing description of the preterred embodiments, which
description should be taken in conjunction with the accom-
panying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a block diagram illustrating a media measure-
ment system under one exemplary embodiment;

FIG. 2 illustrates one configuration for generating audio
templates and signatures for use in extracting semantic
features from audio under an exemplary embodiment;

FIG. 2A 1illustrates an exemplary signature formation
process under one embodiment;

FIG. 3A illustrates audio feature template arrangement
under another exemplary embodiment;

FIG. 3B illustrates an audio feature template hierarchy
under another exemplary embodiment;

FIG. 4 1llustrates an exemplary process for generating
tags for use 1n audio template generation under yet another
exemplary embodiment;

FIG. 5 illustrates an exemplary process for processing
audio samples for comparison with audio templates to
provide tag scores under vet another exemplary embodi-
ment;

FIG. 6 1llustrates an exemplary tag score utilizing the
audio processing described above 1 FIG. §;

FIGS. 7A and 7B illustrate exemplary reports that may be
generated from tag scoring under another exemplary
embodiment;

FI1G. 8 illustrates an exemplary embodiment where audio
signatures are combined with semantic information to rep-
resent the semantic development of content; and
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FIG. 9 1illustrates an exemplary embodiment, where
semantic information is used to supplement audio signature
information.

DETAILED DESCRIPTION

FIG. 1 1s an exemplary block diagram for a system 100,
wherein media 1s provided from a broadcast source 102
(e.g., television, radio, etc.) and/or a data source 101 (e.g.,
server, cloud, etc.). The media 1s communicated to a media
distribution network 103, which has the ability to pass
through the broadcast and/or data to remote users or sub-
scribers. Such media distribution networks 103 are well
known and may include broadcast stations, satellite/cable,
routers, servers, and the like.

The media may be received at one or more locations using,
any of a number of devices, including a personal computer
104, laptop 105, and smart phone or tablet 106. It 1s
understood by those skilled in the art that the present
disclosure 1s not limited strictly to devices 104-106, but may
include any device configured to recerve and/or record
media including set-top-boxes, IPTV boxes, personal people
meters, and the like. Additionally, devices, such as 104-106
may be equipped with one or more microphones (not shown)
for transducing ambient audio for sampling and processing.
Examples of such configurations may be found in U.S.
patent application Ser. No. 13/341,272, titled *“Apparatus,
System And Method For Activating Functions In Processing
Devices Using Encoded Audio And Audio Signatures,” filed
Dec. 30, 2011, and U.S. patent Ser. No. 13/341,365, tatled
“Activating Functions In Processing Devices Using Start
Codes Embedded In Audio” filed Dec. 30, 2011, both of
which are incorporated by reference in their entireties
herein. Devices 104-106 may also be capable of reproducing
media (104A-106A) on the device 1tself, where the media 1s
transferred, downloaded, stored and/or streamed.

As each device 104-106 receives media from network 103
and/or reproduces media locally 104A-106A, the audio
portion of the media 1s sampled and processed to form
semantic audio signatures or templates, where resulting
signature data 1s time stamped and transmitted to computer
network 107 via wired or wireless means that are known in
the art. In addition to semantic audio signature data, devices
104-106 may additionally transmit i1dentification informa-
tion that 1dentifies the device and/or the user registered for
the device. Under one embodiment, demographic informa-
tion relating to the users of any of devices 104-106 may be
transmitted as well. The semantic signatures are then stored
in one or more remote locations or servers 109, where they
are compared with audio signature templates provided from
system 108 for semantic audio analysis. Under one exem-
plary embodiment, system 108 comprises at least one work-
station 108B and server 108 A, where audio signature tem-
plates are produced using any of the techniques described
below, and forwarded to server(s) 109.

Turmning to FIG. 2, an exemplary configuration 1s shown
for creating audio signature templates, where audio 1s fed
into a processing device 210. It 1s understood that processing
device 210 of FIG. 2 may be a dedicated workstation (e.g.,
108B), or a portable devices, such as a smart phone, tablet,
PC, etc. (104A-106A). Under one exemplary embodiment,
audio 201 1s sampled and stored in one or more bullers
(215), where portions of the audio are processed and sub-
jected to one or more feature extractions (202). Additionally,
music portions stored 1n bullers 2135 are subjected to signa-
ture extraction, which will be discussed 1n greater detail
below.
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With regard to feature extraction 202, while specific
feature sets may vary, under a preferred embodiment,
extracted feature sets 1n 204 may include energy-based
teatures, spectral features, rhythmic features, temporal fea-
tures and/or harmonic features. Depending on the feature set

used, different models (206 A-2062) may be called from a

model library 206 memory 1n order to facilitate approprate
feature extraction. The feature extraction process i1s prefer-
ably controlled by software operative on a tangible medium,

such as Psysound (http://psysound.wikidot.com/), CLAM
(http://clam-project.org/), Marsyas (http://marsyas.sness-

qnet/), MIRToolbox  (https://www.jyu.fi/hum/laitokset/

musiikki/en/research/coe/materials/mirtoolbox), MA Tool-
box (http://www.olai.at/~elias.pampalk/ma/), Sound
Description Toolbox, and/or any other suitable program or

application, preferably compatible with the MATLAB and
MPEG-7 format.

Feature extraction in 202 may advantageously be sepa-
rated into multiple stages, where, for example, a first stage
1s responsible for processing temporal features 203, while a
second stage 1s independently responsible for processing
spectral features 204. Alternately or in addition, the stages
may be separated by sample size, so that longer samples are
processed for certain features before shorter sub-samples are
processed for other features. This configuration may be
advantageous for extracting features that are optimally
detected over longer periods of time (e.g., 30 sec.), while
reserving shorter segments (e.g., 5-6 sec., 100-200 ms) for
other feature extraction processes. The varying sample sizes
are also useful for separating audio segments that are
independently processed for audio signature extraction 218,
since audio signature extraction may rely on audio portions
that are smaller than those required for certain templates.

For semantic processing, feature extraction 202 prefer-
ably includes pre-processing steps such as filtering and
normalization to provide zero mean and umty variance. A
first-order finite impulse response (FIR) filter may also be
used to increase the relative energy of high-frequency spec-
trum. Frame blocking or “windowing™ 1s then performed to
segment the signal into statistically stationary blocks. The
frame size (1n terms of sample points) should be equal to the
powers of 2 (such as 256, 512, 1024, etc) 1n order to make
it suitable for transformation (e.g., FFT). Hamming window
may be used to weight the pre-processed frames. In order to
reduce the difference between neighboring frames, an over-
lap may be applied that is up to 24 of the original frame size.
However, the greater the overlap, the more computational
power 1s needed.

For temporal feature extraction 203, features are taken
from the native domain of the audio signal, and without any
preceding transformation. Temporal features include, but are
not limited to, amplitude, power, and zero-crossing of the
audio signal. Amplitude based {features are processed
directly from the amplitudes of a signal and represent the
temporal envelope of an audio signal. Utilizing an audio
wavetorm descriptor (e.g., MPEG-7), a compact description
of the shape of a wavetform may be formed by computing the
mimmum and maximum samples within non-overlapping
portions of Iframes, resulting 1 a representation of the
(preferably down-sampled) wavelorm envelope over time.
Also, amplitude descriptors may be used by separating the
audio signal 1into segments having low and high amplitudes
according to an adaptive threshold. The duration, variation
of duration and energy of segments crossing the thresholds
would be recorded to form a specific descriptor for an audio
segment. The amplitude descriptor could thus be used to

10

15

20

25

30

35

40

45

50

55

60

65

6

characterize audio 1n terms of quiet and loud segments and
to distinguish audio with characteristic waveform envelopes.

Generally speaking, the energy of a signal 1s the square of
the amplitude of a waveform, and power may be represented
are the transmitted energy of the signal per unit of time.
Short Time Energy (STE) processing may be performed on
the envelope of a signal to determine mean energy per frame.
Thus, power may be represented as the mean square of a
signal. Root-Mean-Square (RMS) may used to measure the
power (or loudness, volume) of a signal over a frame. The
global energy of a signal x can be computed by taking the
root average ol the square of the amplitude (RMS),
expressed by

| 5
XRMS = EZ A
i=1

Additionally, a temporal centroid (MPEG-7) may be used
to determine a time average over the envelope of a signal to
determine a point(s) in time where most of the energy of the
signal 1s located on average. Such features are advantageous
for distinguishing percussive from sustained sounds.

Continuing with the temporal features, the zero crossing
rate (ZCR) may be used to measure signal noisiness and may
be calculated by taking the mean and standard deviation of
the number of signal values that cross the zero axis 1n each
time window (i.e., sign changes of the waveform:

I < sgals,) — sgnls,—y)|
ZCR = —
r 2 2

i=m—T+1

wim — 1)

where T 1s the length of a time window, s, 1s the magmtude
of the t-th time-domain sample and w 1s a rectangular
window. The ZCR 1s advantageous in discriminating
between noise, speech and music, where the ZCR would be
greatest for noise, less for music, and lesser still for speech.
Additional techniques, such as linear prediction zero cross-
ing ratios could be used to determine a ratio of the zero
crossing count of a wavetorm and the zero crossing count of
the output of a linear prediction analysis filter. Such a feature
would be advantageous in determining the degree of corre-
lation 1n a signal.

While time domain features may provide useful data sets
for semantic audio analysis, even more valuable information
may be obtained from the spectral domain. To achieve this,
a transformation should be performed on an audio signal to
convert time domain features to the spectral domain wherein
the existence and progression of periodic elements may be
obtained, as well as pitch, frequency ranges, harmonics, etc.
The most common and well-known transformation 1s the
Fourier Transformation. For discrete digital signals, a Dis-
crete Fourier Transformation (DFT) 1s generally known as

. N=1

where x, are the time-based complex numbers, N 1s the
number of values to transform and X, the resulting Fourier
transformed complex numbers (or “Fournier coellicients™).
The spectral domain (204) allows several extractions and
computational time-invariant possibilities that bring out
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characteristic features and representations like spectro-
grams, energy deviations, frequency histograms and mag-
nitudes of certain frequency range transformation that illus-
trate 1ts influence on human perception of audio. In addition,
time discrete Short Time Fourier Transformations (STFT)
are preferably performed on short single segments of audio
that 1s changing over time, resulting 1n a representation of
frequency lots at a specific time, which may further be
depicted 1n a time-frequency plot that may further be seman-
tically processed using Bark scales. The Bark scale 1s a
psycho acoustic scale that matches frequency range intervals
to a specific number, and 1s based on the perception of pitch
for human beings with respect to the amount of acoustic
“feeling.” It considers the almost-linear relation i lower
frequency ranges as well as the logarithmic 1n higher ranges
and 1ts basic i1dea originates from frequency grouping and
the “subdivision concept” referred to in the area of human
hearing. As STFT may produce real and complex values, the
real values may be used to process the distribution of the
frequency components (1.e., spectral envelope) while the
complex values may be used to process data relating to the
phase of those components.

Onder one embodiment, spectral features 204 are
extracted under STFT, and, depending on the model used,
may produce timbral texture features including spectral
centroid, spectral rollofl, spectral flux, spectral flatness mea-
sures (SFM) and spectral crest factors (SCF). Such features
are preferably extracted for each frame and then by taking
the mean and standard deviation for each second. The
sequence ol feature vectors may be combined and/or col-

lapsed 1nto one or more vectors representing the entire signal
by taking again the mean and standard deviation. A spectral
centroid (SC) refers to the centroid, or “center of gravity” of
the magnitude spectrum of the STFT and may be expressed
as

N
)
f
n=1
N
1
At

n=1

SC =

where A 1s the magnitude of the spectrum at the t-th frame
And the n-th frequency bin, and N 1s the total number of
bins. As the centroid provides a measure of spectral shape,
a higher spectral centroid will indicate a “brighter” audio
texture.

-~

The spectral rolloil 1s a spectral feature that estimates the
amount of high frequency 1n a signal. More specifically,
spectral rollofl may be defined as the frequency k, below
which a certain fraction or percentage of total energy 1s
contained. This fraction may be fixed by default to a specific
number, such as 0.85 or 0.95, such as:

Ky

2,

n=1

kl‘
AT =085% ) A’
n=1

Spectral Flux (SF) estimates the amount of local spectral
change and may be defined as a spectral feature representing
the square of the diflerence between the normalized mag-
nitudes of successive frames:
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SF =) (d& —d.,)

n=1

where a denotes the normalized magnitude of the spectrum
that 1s preferably normalized for each frame. Because spec-
tral flux represents the spectral vanations between adjacent

frames, 1t may be correlated to features such as articulation.

Tonalness 1s an audio feature that 1s useful 1n quantifying,
emotional perceptions, where joyiul or peacetul melodies
may be characterized as being more tonal (tone-like), while
angry or aggressive melodies are characterized as being
more atonal (noise-like). Features indicating tonalness
include spectral flatness (SFL) and spectral crest factors
(SCF), where SFL 1s expressed as the ratio between the
geometric mean of the power spectrum and its arithmetic
mean:

(I )™
Eﬂk
|

Ny

SFL =

N
7
A}
ne Bk

and SCF 1s the ratio between the peak amplitude and the
RMS amplitude:

where B denotes the kt-th frequency subband and N, is the
number of bins in B*. While any suitable number of sub-
bands may be used, under one exemplary embodiment, 24
subbands are used for SFLL and SCF extraction.

In addition to the above spectral features, 1t may be
advantageous to also extract Mel-frequency cepstral coetli-
cients (MFCCs) which denote coeflicients of a discrete
cosine transform (DCT) of each short-term log power spec-
trum expressed on a non-linear perceptually-related Mel-
frequency scale to represent the formant peaks of the spec-
trum. Preferably, the mean and standard deviation of the first
13-20 MFCCs of each frame are taken. Since MFCCs
average the spectral distribution in each subband, some of
the relative spectral information may be lost. To compensate
for this, and octave based spectral contrast (OBSC) may be
used to capture the relative energy distribution of the har-
monic components in the spectrum. OBSC considers the
strength of spectral peaks and valleys 1n each sub-band
separately. In general, spectral peaks correspond to har-
monic components and spectral valleys correspond to non-
harmonic components or noise 1n a music piece. Therefore,
the contrast between spectral peaks and spectral valleys will
reflect the spectral distribution.

Under another embodiment, spectral features may include
the extraction of Daubechies wavelets coetlicient histograms
(DWCH), which i1s computed from the histograms of
Daubechies wavelet coetlicients at different frequency sub-
bands with different resolutions, and 1s described 1n U.S.
patent application Ser. No. 10/777,222, titled “Music Fea-
ture Extraction Using Wavelet Coetlicient Histograms”, filed
Feb. 13, 2004, and 1s incorporated by reference 1n its entirety
herein.




US 9,754,569 B2

9

As different spectral features are extracted, they may be
used or combined to form sensory features such as spectral
dissonance, 1rregularity and mmharmonicity. Spectral disso-
nance measures the noisiness of the spectrum, where notes
that do not fall within a prevailing harmony are considered
dissonant. Spectral dissonance may be estimated by com-
puting the peaks of the spectrum and taking the average of
all the dissonance between all possible pairs of peaks.

Irregularity measures the degree of variation of the suc-
cessive peaks of the spectrum and may be computed by

summing the square of the diflerence 1n amplitude between
adjoining partials, or

N
D (Ar - Ay
n=1

N
2 Af =AY

n=1

Alternately, irregularity may be measured using Krimphotl™s
method, which defines irregularity as the sum of amplitude
minus the mean of the preceding, current, and next, ampli-
tude:

N—-1

2.

n=2=

APL 4+ A7 + AT

Inharmonicity estimates the amount of partials that depart
from multiples of the fundamental frequency. It 1s computed
as an energy weighted divergence of the spectral compo-
nents from the multiple of the fundamental frequency, or

N
> nflAn)?

2 n=1
fo

N
X (A7)

where 1 1s the n-th harmonic of the fundamental frequency
f,. The mnharmomnicity represents the divergence of the signal
spectral components from a purely harmonic signal. The
resulting value ranges from O (purely harmonic) to 1 (inhar-
monic)

Still referning to FIG. 2, harmonic feature extraction 203
may also be performed to extract features from the sinusoi-
dal harmonic modeling of an audio signal. Harmonic mod-
cling may be particularly advantageous for semantic analy-
sis as natural/musical sounds are themselves harmonic,
consisting of a series of frequencies at multiple ratios of the
lowest frequency, or fundamental frequency 1,. Under one
embodiment, a plurality of pitch features (e.g., salient pitch,
chromagram center) and tonality features (e.g., key clarity,
mode, harmonic change) are extracted. The perceived fun-
damental frequency of a time frame (e.g., 50 ms, 50%
overlap) may be calculated using a multi-pitch detection
algorithm by decomposing an audio waveform into a plu-
rality of frequency bands (e.g., one below and one above 1
kHz), computing an autocorrelation function of the envelope
in each subband, and producing pitch estimates by selecting
the peaks from the sum of the plurality of autocorrelation
tfunctions. The calculation corresponding to the highest peak
1s deemed the “‘salient pitch.”
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Alternately or 1n addition, a pitch class profile or wrapped
chromagram may be computed for each frame (e.g., 100 ms,
4 overlap), where the centroid of the chromagram 1is
selected as the fundamental frequency, or chromagram cen-
troid. A wrapped chromagram may project a frequency
spectrum onto 12 bins representing 12 semitones (or
chroma) of a musical octave (e.g., 440 Hz (C4) and 880 Hz
(C5) would be mapped to chroma “C”). By comparing a
chromagram to the 24 major and minor key profiles, key
detection may be performed to estimate the strength of a
frame compared to each key (e.g., C major). The key
associated with the greatest strength would be 1dentified as
the key strength or key clarity. The difference between the
best major key and best minor key 1n strength may be used
as an estimate of music mode, which may be used to
characterize a fixed arrangement of the diatonic tones of an
octave. The numerical value would be indicative of audio
content being more major, and thus having a higher value.

Harmonic changes (e.g., chord changes) may also be
determined using a Harmonic Change Detection Function
(HCDF) algorithm modeled for equal tempered pitch space
for projecting collections of pitches as tonal centroid points
in a 6-D space. The HCDF system comprises a constant-()
spectral analysis at the lowest level, followed by a 12-semi-
tone chromagram decomposition. A harmonic centroid
transform 1s then applied to the chroma vectors which 1s then
smoothed with a Gaussian filter before a distance measure 1s
calculated. High harmonic change would indicate large
differences 1n harmonic content between consecutive
frames. Short term features could be aggregated by taking
mean and standard deviation. Additional information on
HCDF techniques may be found in Harte et al., “Detecting
Harmonic Changes 1n Musical Audio,” AMCMM 06 Pro-
ceedings of the 1st ACM workshop on Audio and music
computing multimedia, pp. 21-26 (2006).

Alternately or in addition, a pitch histogram may be
calculated using Marsyas toolbox, where pluralities of fea-
tures may be extracted from 1t, including tonic, main pitch
class, octave range of dominant pitch, main tonal interval
relation, and overall pitch strength. Modules such as Psys-
ound may be used to compare multiple pitch-related features
including the mean, standard deviation, skewness and kur-
tosis of the pitch and pitch strength time series.

Additionally, rhythmic features 211 may be extracted
from the audio signal. One beat detector structures may
comprise a lilter bank decomposition, followed by an enve-
lope extraction step, followed by a periodicity detection
algorithm to detect the lag at which the signal’s envelope 1s
most similar to 1tself. The process of automatic beat detec-
tion may be thought of as resembling pitch detection with
larger periods (approximately 0.5 s to 1.5 s for beat com-
pared to 2 ms to 350 ms for pitch). The calculation of
rhythmic features may be based on the wavelet transform
(WT), where WT provides high time resolution and low-
frequency resolution for high frequencies, and low time and
high-frequency resolution for low frequencies. The discrete
wavelet transform (DWT) 1s a special case of the WT that
provides a compact representation of the signal 1n time and
frequency that can be computed efliciently using a fast,
pyramidal algorithm related to multi-rate filterbanks.

The feature set for representing rhythm structure may be
based on detecting the most salient periodicities of the
signal. The signal may be first decomposed into a number of
octave frequency bands using the DW'I. Following this
decomposition, the time domain amplitude envelope of each
band 1s extracted separately. This 1s achieved by applying
tull-wave rectification, low pass filtering, and down-sam-
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pling to each octave frequency band. After mean removal,
the envelopes of each band are then summed together and
the autocorrelation of the resulting sum envelope 1s com-
puted. The dominant peaks of the autocorrelation function
correspond to the various periodicities of the signal’s enve-
lope. These peaks are accumulated over the whole sound file
into a beat histogram where each bin corresponds to the peak
lag, 1.e., the beat period in beats-per-minute (BPM). The
amplitude of each peak 1s preferably added to the beat
histogram so that, when the signal 1s very similar to itself
(1.e., strong beat) the histogram peaks will be higher. The
beat histogram may be processed to generate additional
features, such as beat strength, amplitude and period of the
first and second peaks of the beat histogram, and the ratio of
the strength of the two peaks 1n terms of BPMs.

Rhythm patterns may also be extracted by calculating a
time-1nvariant representation for the audio signal to provide
data on how strong and fast beats are played within the
respective frequency bands. The amplitude modulation of
the loudness sensation per critical-band for each audio frame
sequence (e.g., 6 sec,) 1s calculated using a FFT. Amplitude
modulation coeflicients may be weighted based on the
psychoacoustic model of the fluctuation strength. The ampli-
tude modulation of the loudness has different eflects on
human hearing sensations depending on the modulation
frequency. The sensation of fluctuation strength tends to be
most mtense around 4 Hz and gradually decreases up to a
modulation frequency of 15 Hz. For each frequency band,
multiple values for modulation frequencies between specific
ranges (e.g., 0 and 10 Hz) are obtained to indicate fluctuation
strength. To distinguish certain rhythm patterns better and to
reduce 1rrelevant information, gradient and Gaussian filters
may be applied. To obtain a single representation for each
audio signal 201 input into 210, the median of the corre-
sponding sequences may be calculated to produce an X by
Y matrix. A rhythm pattern may be further integrated into a
multi-bin (e.g., 60-bin) rhythm histogram by summing
amplitude modulation coeflicients across critical bands. The
mean of the rhythm histogram may be regarded as an
estimate of the average tempo.

Rhythm strength may be calculated as the average onset
strength of an onset detection curve using algorithmic pro-
cesses described 1n Anssi Klapuri, “Sound Onset Detection
by Applving Psychoacoustic Knowledge,” Proceedings.,
1999 1EEE International Conference on Acoustics, Speech,
and Signal Processing, vol. 6, pp. 3089-3092 (1999) where
the “onset” refers to the start of each musical event (e.g.,
note). Rhythm regularity and rhythm clarnty may be com-
puted by performing autocorrelation on the onset detection
curve. If a music segment has an obvious and regular
rhythm, the peaks of the corresponding autocorrelation
curve will be obvious and strong as well. Onset frequency,
or event density, 1s calculated as the number of onset notes
per second, while tempo may be estimated by detecting
periodicity from the onset detection curve.

Still referring to FIG. 2, each of the temporal 203, spectral
204, harmonic 205, and rhythmic 211 features are correlated
to the audio 201 1n 212 to arrange a base set of features.
These features may be define 1in system 210 using vocabu-
lary database 207 that contains a lexicography of various
and different words/phrases used to tag the semantic infor-
mation contained in 212. Under a preferred embodiment,
vocabulary 207 1s customizable by an operator of system
210, where specific words, phrases and descriptions may be
entered, depending on the need and audio features involved.
For example, in a very simple configuration, the vocabulary
may comprise a few genres, styles, and emotive descriptors,
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where descriptive words/phrases (tags) are mapped to
respectively extracted features. In one embodiment, descrip-
tive tags may be mapped to multiple extracted features. Such
a conflguration 1s advantageous 1n instances where multiple
variations of a specific feature (e.g., beat histogram) may be
attributable to a single tag (e.g., genre, emotive descriptor).

In another embodiment, entries 1n the vocabulary are
subjected to an annotation process 208 which 1s advanta-
geous for creating more complex multiclass, multi-tag
arrangements and classifications, where tags are arranged 1n
a class, sub-class hierarchy. A class-conditional distribution
may then be formed during a traiming process to attribute
tags to extracted features that are positively associated with
that tag. The tags may then be arranged 1n a rank order for
later processing and 1dentification using techniques such as
Byes’ rule, k-nearest neighbor, and fuzzy classification,
among others. Once extracted features are tagged and 1nte-
grated 1n 212, a plurality of templates 209 A-209# are formed
comprising one or more tagged extracted features, and
stored for later comparison.

FIG. 3A provides one example of a template arrangement
300, where tag T 1s comprised of 3 extracted audio features
tagged as A-C. In thus example, tagged feature A 1s associ-
ated with extracted features F1A-F4A 301, tagged feature B
1s associated with features F1B-F7B 302, and tagged feature
C 1s associated with extracted features F1C-F2C 303. In
cach of these (301-303), extracted features may be values
associated with the temporal 203, spectral 204, harmonic
205 and/or rhythmic 211 processing performed in FIG. 2.
Under a preferred embodiment, certain individual extracted
teatures 301-33 may be duplicated among the tags (A-C), to
simplity the datasets used for a tree hierarchy.

FIG. 3B exemplifies one possible hierarchy arrangement
where a global tag L1 represents the overall characteristics of
extracted features and 1s labeled according to an assigned
vocabulary. In this example, global tag L1 1s characterized
by four lower-level (310-312) tags (L.2-1 through 1.2-4).
Each of these lower-level tags may represent diflerent fea-
tures as a class that may be extracted from different aspects
of audio (e.g., temporal, spectral, harmonic, rhythmic),
which may be correlated and cross-correlated as shown 1n
FIG. 3B. Below level 310, 1s a first sub-level 311 provides
additional features, followed by a second sub-level 312
having turther additional features that also are correlated
and/or cross-correlated. It 1s understood by those skilled 1n
the art that the tags and level hierarchies may be arranged in
a myriad of ways, depending on the needs of the designer.
For example, under an alternate embodiment, global tags
may represent any of genre, emotional descriptor, instru-
ment, song style, etc. Mid-level features may be associated
with lower-level tags representing rhythmic features, pitch
and harmony. A sub-level may include tags representing
low-level features such as timbre and temporal features.
Tags may had additional annotations associated with their
class as well, e.g., rhythm (sub: beat histogram, BPM), pitch
(sub: salient pitch, chromagram center), timbre (sub: ZCR,
SC, SFL, MFCC, DWCH). Moreover, the hierarchical
arrangement may be configured to separately take into
consideration short-term audio features (e.g., timbre) and
long-term audio features (e.g., temporal, pitch, harmony).

The arrangement may be useful 1n taking advantage of
numerous classification techniques for forming and identi-
tying semantic audio information. Under one embodiment,
cach audio frame 1s classified separately, and classification
results are combined over an analysis segment to get a global
classification result. Under another embodiment, the tem-
poral relationship between frames may be taken 1nto
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account. One exemplary classifier 1s a k-Nearest Neighbor
Classifier, where the distance between tested tagged feature
vectors and the training vectors 1s measured, and the clas-
sification 1s identified according to the k nearest training
vectors. A Gaussian Mixture Model may be used to obtain
distributions of feature values for specific musical charac-
teristics, and may be modeled as a weighted sum of Gauss-
1an density functions. This mixture may be used to deter-
mine the probability of a test feature vector as belonging to
a particular audio characteristic.

In one embodiment, tree-based vector quantization may
be used to model discrimination function between classes
defined by a set of labeled codebook vectors. A quantization
tree 1s formed to partition the feature space into regions with
maximally different tag/class populations. The tree may used
to form a histogram template for an audio characteristic and
the classification may be done by matching template histo-
grams of traiming data to the histograms of the test data. The
classification can alternately be done with a feed-forward
neural network that 1s trained with examples from diflerent
classes so as to map the high-dimensional space of feature
vectors onto the different classes. A Linear Discriminant
Analysis (LDA) may be used to find a linear transformation
for the feature vectors that best discriminates them (e.g.,
using Huclidean distance) among classes.

In an alternate embodiment, a binary classification
approach may be done using Support Vector Machines
(SVMs), where feature vectors are first non-linearly mapped
into a new feature space and a hyperplane 1s then searched
in the new feature space to separate the data points of the
classes with a maximum margin. The SVM may be extended
into multi-class classification with one-versus-the-rest, pair-
wise comparison, and multi-class objective functions. In yet
another embodiment, a Hidden Markov Model (HMM) may
be used to account for the temporal order of frames, where
the HMM may consist of several GMMs and the probabili-
ties describing the transitions between them.

FIG. 4 provides an example of a tag arrangement com-
prising a plurality of extracted features along with a value
distance/tolerance, where each feature value 1s expressed as
a tolerable range for later comparison. Under one embodi-
ment, each extracted audio feature 1s separately measured
and collected as ranges (410A-420A) for template 400.
Depending on the feature extracted, ranges may be com-
bined, weighted, averaged and/or normalized for unit vari-

ance. Ranges are then set against value distances that are
determined through any of Euclidean (e.g., 413A, 417A-

419A), weighted Euclidean (e.g., 410A-412A, 414A), Kull-
back-Leibler distances (e.g., 415A, 416A) or others for tag
creation/identification 425. In the example of FIG. 4, audio
features relating to timbre 410 may include specific mea-
surements directed to mean and variance of the spectral
centroid, roll-off, flux, and or percentage of low/high energy
frames. Timbre-related measurements may be taken across a
plurality of audio signals to establish a set of ranges 410A
for a particular tag (425). Subsequent measurements that are
compared against these ranges (e.g., using weighted Euclid-
can distance), and which fall within the predetermined
range, may be said to match a feature range for a particular
tag. Additional features may include a first MFCC measure-
ment 411, mvolving the mean and variance of a predeter-
mined number ol mel-frequency cepstral coeflicients or
number of dimensions (411A), and a concatenation of tim-
bre and MFCC features 412, 412A.

Beat histogram features 413 may also be used to identify
prominent beats, which may comprise amplitudes and peri-
ods of peaks 1n the histogram, a ratio between the peaks and
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the sum of all peaks 413A. Pitch 414 may be derived from
a histogram of pitches 1n an audio signal 414A, which may
include periods and amplitudes of prominent peaks on a full
semitone scale and/or octave independent scale. Additional
MFCCs 415 may be estimated from short audio frames,
where a Gaussian Mixture Model (GMM) may be trained to
model them 415A. Loudness 416 may be measured from the
sone of frequency bands distributed on a Bark scale, where
a GMM may be trained on the loudness values 416A.
Spectral histogram 417 may be formed from a derivative of
raw sone features, where the number of loudness levels
exceeding a predetermined threshold 1n each frequency may
be counted 417A. A Periodicity histogram 418 may measure
periodic beats 418A, or a fluctuation pattern 419 may be
used to measure periodicities 1 a signal 419A. It 1s under-
stood that the examples of FIG. 4 are merely 1llustrative, and
that other features/techniques described herein may be used
for creating tags 425 for template 400. Additionally, other
techniques such as a multivariate autoregressive model 420
may be used to capture temporal correlations of MFCCs
over relatively short (e.g., 1-2s) segments to produce feature
vectors for each segment (420A). The vectors may be used
individually or combined to compare for later comparison to
new incoming audio features to 1dentity audio features and
characteristics.

Under a preferred embodiment, each of templates (400-
400B) 1s comprised of one or more tags 425. In one
embodiment, each tag 1s associated with a specific audio
teature range (410A-420A). In another embodiment, each
tag 1s associated with a plurality of audio feature ranges. For
example, a tag relating to a genre, instrument or emotive
descriptor may combine audio feature ranges from audio
timbre (410A), beat (413A), loudness (416A) and spectral
histogram (417A). In another example, the combined fea-
tures may include audio timbre (410A), MFCC1 (411A),
T+M (412A), and loudness (416A). In yet another example,
combined features may include beat (413A) and periodicity
histogram (418A). As can be appreciated by one skilled in
the art, a large number of possibilities are available for
developing and customizing tags for retrieval of semantic
audio information/data.

Templates are preferably formed using a training process,
where known audio signals are fed into a system such as the
one 1illustrated 1n FIG. 2, and audio features are identified
and tagged. For example, a collection of songs, known to be
from a specific genre, have a certain number of audio
features extracted, where audio feature ranges are deter-
mined for each template. The type and number of audio
features used 1s not critical and may be left to the discretion
of the designer. If more audio features are used, this will
likely result 1n more accurate and/or granular semantic data.
However, increasing the number of features increases the
processing power needed to extract and tag audio features.
As the features are extracted, they may joined to form ranges
for features, and/or normalized or catenated to form one or
more feature vectors that are subsequently tagged. Once the
requisite features are tagged, they are formed as part of a
template that 1s deemed representative of a specific genre
(e.g., 1azz, classical, rock, etc.). The same techniques may be
used to form representative templates for instruments, emo-
tive descriptors, etc. As each template 1s formed, 1t 1s stored
in a database (e.g., SQL) for retrieval, processing and
comparison to new incoming audio. These operations are

preferably performed 1n a backoflice application (e.g., 108,
109) using Qt SQL libraries such as (QSglDatabase and
QSqglQuery. The backoflice should also be usable with

various engines, from a simple SQLite file to MySQL,
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PostgreSQL, Oracle, Access DB files or any DB supporting
ODBC (Open Data Base Connectivity protocol).

One of the advantages of this configuration 1s that indi-
vidual song-vs.-song comparison 1s not required, which can
greatly reduce the database storage need. Instead of requir-
ing thousands or millions of audio data features, databases
may contain just a few hundred templates that are represen-
tative of a specific audio characteristic. Such a configuration
greatly simplifies the data needed for obtaining semantic
information on audio. Of course, these audio features may
be turther decreased or increased, depending on the granu-
larity needed.

Turning to FIG. 5, an exemplary comparison result 1s
illustrated for an incoming audio signal that 1s processed and
compared to an audio template described above. When a
new audio signal 1s recetved, 1t may be processed according
to a process described below 1 FIG. 6, and the resulting
semantic audio signature 1s compared to a previously stored
temple created during a training process. As audio features
are compared to templates, tagged audio features are 1den-
tified and scored, and may further be aggregated 1nto one or
more score file histograms 500, were each file histogram 500
contains a score 501 relating to each respective feature. File
500 may consist of a single feature, or may contain a
plurality of different features. In the example of FIG. 5,
multiple features are contained 1n file 500, where features
are related to various semantic information such as genre
(classic jazz), instrumentation (acoustic drums, saxophone),
style (swing), acoustical dynamics (dynamic, energetic) and
emotive descriptors (happy). Again, the specific types and
numbers of features are not critical and are left to the
discretion of the designer. The resulting files are preferably
time stamped and stored for later retrieval and processing

FIG. 6 provides an example of new incoming audio (or
test audio) recerved on a user device (e.g., 104-106), such as
a cell phone, smart phone, personal computer, laptop, tablet,
set-top-box, media box, and the like. The audio may be
captured using a microphone that transduces the ambient
audio 1nto electrical form, or captured directly using a sound
card, audio interface or the like. Incoming audio 601 1is
received and subjected to feature extraction 602 and feature
integration 603, similar to the techniques described above 1n
connection with FIG. 2. Depending on the device used, the
number of extracted audio features may be increased or
decreased, depending on the processing power and storage
available. A semantic audio signature 604 1s then formed
from the extracted audio features, and stored on the user
device. Under a preferred embodiment, the semantic audio
signature 1s time stamped to indicate a time 1 which the
signature was formed.

Semantic Signature 604 1s then transmitted from the
device via wired, wireless and/or cellular communication to
a remote location, where the signature 604 1s compared to
audio templates 605, where tags are 1dentified, scored and
correlated. Under an alternate embodiment, the device may
simply sample a time period of audio and transmit the
sample via wired, wireless or cellular communication to a
remote site for audio feature extraction, integration and
semantic audio signature formation (604). Once tags are
scored, they may be collected over a predetermined time
period and processed for report generation. Unlike conven-
tional audio signatures, semantic audio signatures may be
taken over longer time intervals (e.g., 10-30 sec.), resulting,
In a saving ol processing power.

FIGS. 7A and 7B illustrate a few examples of reports
generated using the techniques described 1n FIG. 6. FIG. 7A
illustrates a report 700 for a particular user (“User00001),
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where one semantic feature 1s monitored. In this case, the
user’s device 1s monitored to determine the type and/or
genre of audio or music that the user was listening to at given
times. Here, 1t can be determined that the user began his
morning at 9:20 AM listening to talk programming (e.g., talk
radio, podcast, etc.), and at 9:26 AM began listening to
classical music. At 10:20 AM, the user listened to jazz,
tollowed by classic rock at 11:20 AM, and returning back to
talk programming at 12:00 PM. At 2:00 PM the user then
listened to hard rock. FI1G. 7B illustrates an example where
multiple semantic features were used for the content dis-
cussed in FIG. 7A. Here, 1n addition to genre-related infor-
mation (talk, classical, jazz, classic rock, hard rock), other
semantic features, including instrumentation (woodwinds,
saxophone, electric guitar), style (Baroque, conversational,
cool, swing, confrontational, distortion), acoustical dynam-
ics (aggressive, energetic) and emotive descriptors (happy,
brooding) may be included as well.

It can be appreciated by those skilled in the art that the
semantic information extracted from audio may provide
additional and valuable information regarding user listening
habits. Such information would be particularly valuable to
those engaged 1n the audience measurement business to
determine generic listening habits of users or panelists.
Additionally, the semantic information may be used to
established “emotional profiles” for users and groups of
users during the course of a day, week, month, year, efc.
Demographic information may further be used to expand on
these profiles to obtain demographically-related listening/
emotional information.

Returning back to FIG. 2, semantic information may be
used 1 conjunction with audio signatures that are processed
independently via signature generation assembly 218. Sig-
nature generation assembly 218 may be based on analog
and/or digital processing, and may generate audio signatures
based on time and/or frequency components. The hardware
components are generally known in the art and will not be
discussed in detail for the sake of brevity. Exemplary
configurations are disclosed in U.S. Pat. No. 5,436,633 titled
“Method and System for Recognition of Broadcast Seg-
ments” 1ssued Jul. 25, 1995 to Ellis et al., and U.S. Pat. No.
6,990,453, titled “System and Methods for Recognizing
Sound and Music Signals 1n High Noise and Distortion™
issued Jan. 24, 2006 to Li-Chun Wang et al., which are
incorporated by reference in their entirety herein. Here,
sampled audio segments stored 1n bufler 2135 are forwarded
to pre-processing 216, which may perform necessary win-
dowing, gain control, filtering and transformation to the
audio signal before feature extraction is performed. In block
217, audio signature feature extraction 1s performed in the
frequency and/or time domain to generate audio signature
218.

FIG. 2A 1llustrates an exemplary technique in which an
audio signature may be generated. In certain embodiments,
when using data resulting from an FF'T performed across a
predetermined frequency range, the FF'T data from an even
number of frequency bands (for example, eight, ten, sixteen
or thirty two frequency bands) spanning the predetermined
frequency range are used two bands at a time during
successive time 1ntervals. FIG. 2A provides an example of
how pairs of the bands are selected in these embodiments
during successive time intervals where the total number of
bands used 1s equal to ten. The selected bands are indicated
by an “X”.

When each band 1s selected, the energy values of the FF'T
bins within such band and such time interval are processed
to form one bit of a signature. If there are ten FF1’s for each
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time interval of the audio signal, for example, the values of
all bins of such band within the first five FF1’s are summed
to form a value “A” and the values of all bins of such band
within the last five FFT s are summed to form a value “B”.
In the case of a recerved audio signal, the value A 1s formed
from portions of the audio signal that were transmitted prior
to those used to form the value B or which represent earlier
portions ol the audio signal relative to 1ts time base.

To form a bit of the signature, the values A and B are
compared. If B 1s greater than A, the bit 1s assigned a value
“1” and 1f A 1s greater than or equal to B, the bit 1s assigned
a value of “0”. Thus, during each time interval, two bits of
the signature are produced. Each bit of the signature 1s a
representation of the energy content 1n the band represented
thereby during a predetermined time period, and may be
referred to as the “energy slope” thereof. Because any one
energy slope 1s associated with a particular band, as opposed
to being associated with a representation of energy content
across a group ol bands or between certain ones of various
bands, the impact of fluctuations in the relative magnitudes
of reproduced audio among frequency bands is virtually
climinated.

In certain embodiments, signatures may be extracted
continuously. In such embodiments, information is obtained
without a dependency on a triggering, predetermined event,
or other type of prompting, and thus through uninterrupted
information gathering, the signatures obtained will, neces-
sarily, contain more iformation. For instance, this addi-
tional information 1s manifested in a signature, or portion
thereot, that 1s formed of information as to how the audio
signal changes over time as well as with frequency. This 1s
in conftrast to signature extraction occurring only upon
prompting caused by a predetermined event and detection
thereol, whereby information then obtained 1s only repre-
sentative of the audio signal characterized within a certain
isolated time frame.

Frequency bins or bands of diflerent size may employed
to extract signatures and read codes. For example, relatively
narrow bin sizes, such as 2, 4 or 6 Hz may be used to detect
the presence of a component of an ancillary code, while
signature extraction requires the use of wider bands, such as
30, 40 or 60 Hz to ensure that the band energy 1s suilicient
to permit the extraction of a reliable signature or signature
portion. Accordingly, 1n an advantageous embodiment of the
invention that employs a time domain-to-frequency domain
transformation that distributes the energy of an audio signal
into a plurality of frequency bins or bands, the size or sizes
of the bins or bands are each selected to have a first,
relatively narrow frequency width. The energy values of
such frequency bins or bands are processed to read an
ancillary code therefrom. These energy values are also
combined 1 groups of contiguous bins or bands (such as by
addition) to produce frequency band values each represent-
ing an energy level within a frequency band comprising the
respective group. Such frequency band values are then
processed to extract a signature therefrom.

Another exemplary audio signature formation technique
1s described 1n A. Wang, “An industrial strength audio search
algorithm,” Proceedings of the International Conference on
Music Information Retrieval (ISMIR), pages 7-13, Balti-
more, USA, 2003, where a spectrogram 1s formed from the
audio, and spectrogram peaks on a time and frequency axis
are used to generate a signature. Using spectrogram peaks
may be advantageous since they are more likely to survive
ambient noise, and further satisty the property of linear
superposition (1.e., a spectrogram peak analysis of music and
noise together will contain spectral peaks due to the music
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and the noise as 1f they were analyzed separately). Fre-
quency peak points are 1dentified and measured as a function
of time from a predetermined time period (e.g., the begin-
ning of a track). For pairs of peaks (t,, 1;) and (t,, 1), a
fingerprint may be computed on a trplet of ((t,-t,), 1,
(1,—1,)). Each number in the triplet may be quantized and the
concatenated value i1s treated as the fingerprint. In one
example, frequency data 1n a spectrogram may be divided
into 256 levels linearly. Neighboring peaks may be consid-
ered 1n an adjacent frequency range of 64 units, and timing
range ol 64 units (when sampling rate of the audio signal 1s
set to 8 KHz). The values ((t,-t,), {;, (1,—1,)) thus may be
represented as 6, 8 and 6 bits respectively to obtain a 20 bit
fingerprint, where 20 fingerprints per second may be gen-
crated. Other configurations are possible for generating
larger-sized fingerprints (e.g., 32-bit) as well.

Yet another exemplary audio signature formation tech-
nique 1s disclosed 1n U.S. patent application Ser. No. 13/228,
200, titled “Dagital Signatures” to Samari et al., filed Sep. 8,
2011, which 1s mcorporated by reference in its entirety
herein. In this exemplary embodiment, audio signatures are
generated on a time base (1.e., without transformation),
where an envelope generator generates an envelope repre-
sentation of a sampled audio data segment, and may (a)
remove samples 1n the data segment which are of polarity
opposite to the one polarity, or (b) to reverse the polarity of
samples 1n the data segment which are of polarity opposite
to the one polarity, to provide a polarized data segment. A
sample value summer provides a portion sum value for
successive portions of the polarized data segment compris-
ing a predetermined plurality of samples. The portion sum
value may represent the sum the values of the samples in the
portion for the envelope representation. A threshold value
generator then determines threshold values for successive
blocks of the envelope representation, where each threshold
value may be based on a par value of the portion sum values
of the portions of the block concerned. Alternately, the
threshold value generator determine a threshold value for
cach portion of the envelope representation, where each
threshold value may be derived from (1) the threshold of the
preceding portion, (2) the current portion sum value, and/or
(3) a multiplication factor. An event detector may detect, as
an event, a transition of a portion sum value across the
threshold value for the block to which the portion concerned
belongs, and a signature generator responds to the or a
detected events to a generate a digital signature character-
istic (“0” or “1”°, depending on whether or not a threshold 1s
crossed) of the sampled data segment.

Formed audio signatures may subsequently be transmitted
to central server(s) 109 via wired or wireless connection
over a data network for audio signature matching as 1is
known 1n the art. Once the signatures are matched, addi-
tional identification information (e.g., name of program,
song, artist, performer, broadcaster, content provider, etc.)
relating to audio 201 may be determined. The audio signa-
tures may further be combined with semantic audio infor-
mation to provide even more robust data.

By combining audio signatures with semantic informa-
tion, this creates a powerful tool for assisting audience
measurement entities 1n obtaining more mformation on the
content that panelists are exposed to. Under the present
disclosure, the semantic information can provide a deeper
understanding of the underlying features of 1dentified audio
content. For example, a certain artist may perform songs
spanmng multiple genres. Using the techmiques described
herein, 1t can be automatically determined if certain genres
by one artist are more popular than others. Similarly, 1t can
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be automatically determined which ones of a plurality of
artists ol one genre are more popular than others. Further-
more, the techmiques described herein may be used in
television/streaming programming as well. For example, it
may be determined that one or more panelists “tune out” a
program when certain semantic features are present (e.g.,
conirontation, melancholy).

Turning to FI1G. 8, a simplified example 1s provided where
audio signatures are matched to identity content 802
(CONT1), and where the corresponding semantic informa-
tion 801 1s associated to 1t over a time base (starting from
t=0). Here, an 8-segment example 1s provided where content
(CONT1) has a first kind of semantic information (SI1)
present for time segments 1 and 2. At time segment 3, a
second kind of semantic imnformation (SI2) 1s present, fol-
lowed by a third kind (SI3) for time segments 4 and 5. At
time segments 6-8, the content returns to having semantic
information (SI1). In a practical sense, the semantic 1nfor-
mation provides a “development” for the content over an
extended time period. For example, 1f CONT1 1s music, SI1
may represent a verse portion for a song, SI2 may represent
a bridge, and SI3 may represent a chorus. Alternately, 1f
CONT1 1s a television program, SI1 may represent dialog,
S12 may represent the presence of dramatic music, and SI3
may represent a confrontational scene. It can be appreciated
by those skilled in the art that many variations are possible
under the present disclosure.

In addition to providing the development of content,
semantic information may also be used to supplement audio
signature data as well. Turning now to FIG. 9, a simplified
example 900 1s provided, where audio signatures are taken
together with the semantic information on a time base to
supplement audio signature detection. In this example, audio
signature 1dentification data 902 1s associated with semantic
information 903 according to timestamps 901 provided for
cach. While the timestamps themselves may provide an
adequate basis for grouping audio signatures with semantic
information, it 1s preferred that timestamp groupings are
performed under a predetermined tolerance (+/-) to take 1nto
account possible time drift or skew that may occur during
processing on a portable device. If the audio signatures and
semantic audio signatures are not being processed simulta-
neously, a predetermined time delta may also be used to
account for the time difference in which audio signatures and
semantic audio signatures are generated.

In FIG. 9, a first audio signature (SIG0035) and related
semantic audio information (Infol) 1s determined at time
period 1. The audio signature (SIG0035) may be configured
to provide specific information for the content (e.g., song),
while the semantic information (Infol) may be configured to
provide generalized information (e.g., genre, emotive
descriptor). At time period 2, no audio signature was cap-
tured (*X’’), which may occur because of excessive noise.
However, semantic information (Infol) was determined for
time period 2. Assuming that time periods 1 and 2 were
suiliciently close 1n time, the presence of the same semantic
information during those times would strongly suggest that
that the same content (1.e., SIG0035) was being viewed.
Accordingly, the content i1dentification for SIG0035 from
time period 1 may be extrapolated into time period 2.

Various embodiments disclosed herein provide devices,
systems and methods for performing various functions using
an audience measurement system that includes audio bea-
coning. Although specific embodiments are described
herein, those skilled 1n the art recognize that other embodi-
ments may be substituted for the specific embodiments
shown to achieve the same purpose. As an example,
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although terms like “portable” are used to describe ditierent
components, 1t 1s understood that other, fixed, devices may
perform the same or equivalent functions. Also, while spe-
cific communication protocols are mentioned 1n this docu-
ment, one skilled in the art would appreciate that other
protocols may be used or substituted. This application
covers any adaptations or variations of the present invention.
Theretore, the present invention 1s limited only by the claims
and all available equivalents.

"y

The mnvention claimed 1s:

1. A processor-based method for producing supplemental
information for audio signature data, the method compris-
ng:

obtaining, by executing instructions with a processor, the

audio signature data of a first time period, the audio
signature data including data relating to at least one of
time or frequency components representing a first char-
acteristic of media;

obtaining, by executing instructions with the processor,

first semantic audio signature data for the first time
period, the first semantic audio signature data being a
measure of generalized mformation representing char-
acteristics of the media; and

storing, 1n a memory, the audio signature data of the first

time period 1n association with a second time period
when the processor determines, by executing instruc-
tions with the processor, that second semantic audio
signature data for the second time period substantially
matches the first semantic audio signature data for the
first time period.

2. The method of claim 1, wherein the measure of
generalized mformation representing characteristics of the
media includes a timber feature having at least one of a mean
of a spectral centroid, a variance of the spectral centroid, or
a percentage of low/high energy frames.

3. The method of claim 1, wherein the measure of
generalized mformation representing characteristics of the
media includes a beat feature having at least one of an
amplitude of peaks 1n a beat histogram, a period of peaks 1n
the beat histogram, or a ratio between a peak and a sum of
all peaks 1n the beat histogram.

4. The method of claim 1, wherein the measure of
generalized information representing characteristics of the
media includes a pitch feature having at least one of an
amplitude of prominent peaks 1n a pitch histogram, or a
period of peaks in the pitch histogram, where the pitch

histogram 1s on a full semitone scale or an octave indepen-
dent scale.

5. The method of claim 1, wherein the first semantic audio
signature data includes at least one of a temporal feature, a
spectral feature, a harmonic feature, or a rhythmic feature.

6. The method of claim 1, wherein the audio signature
data 1s generated by transforming an audio signal of the
media from a time domain to a frequency domain.

7. The method of claim 1, wherein the first semantic audio
signature data 1s generated by transforming an audio signal
of the media from a time domain to a frequency domain.

8. An apparatus for producing supplemental information
for audio signature data, the apparatus including:

a processor to:

obtain the audio signature data of a first time period, the
audio signature data including data relating to at least
one of time or frequency components representing a
first characteristic of media;

obtain first semantic audio signature data for the first
time period, the first semantic audio signature data
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being a measure of generalized information repre-
senting characteristics of the media; and

memory to store the audio signature data of the first time

period 1n association with a second time period when
the processor determines that second semantic audio
signature data for the second time period substantially
matches the first semantic audio signature data for the
first time period.

9. The apparatus of claim 8, wheremn the measure of
generalized information representing characteristics of the
media includes a timber feature having at least one of a mean
ol a spectral centroid, a variance of the spectral centroid, or
a percentage of low/high energy frames.

10. The apparatus of claim 8, wherein the measure of
generalized information representing characteristics of the
media includes a beat feature having at least one of an
amplitude of peaks 1n a beat histogram, a period of peaks 1n
the beat histogram, or a ratio between a peak and a sum of
all peaks 1n the beat histogram.

11. The apparatus of claim 8, wherein the measure of
generalized information representing characteristics of the
media includes a pitch feature having at least one of an
amplitude of prominent peaks 1 a pitch histogram, or a
pertod of peaks in the pitch histogram, where the pitch
histogram 1s on a full semitone scale or an octave indepen-
dent scale.

12. The apparatus of claim 8, wherein the first semantic
audio signature data includes at least one of a temporal
feature, a spectral feature, a harmonic feature, or a rhythmic
feature.

13. The apparatus of claim 8, wherein the audio signature
data 1s generated by transforming an audio signal of the
media from a time domain to a frequency domain.

14. The apparatus of claim 8, wherein the first semantic
audio signature data 1s generated by transforming an audio
signal of the media from a time domain to a frequency
domain.

15. A processor-based method for producing supplemen-
tal information for audio signature data, the method com-
prising:
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obtaining, by executing instructions with a processor, the
audio signature data at an mput from a data network,
the audio signature data received from a device, the
audio signature data including data relating to at least

one of time or frequency components representing a

first characteristic of media;
obtaining, by executing instructions with the processor,

semantic audio signature data at the input from the data
network, the semantic audio signature data received
from the device, the semantic audio signature data
being a measure of at least one of a timber feature, a
beat feature or a pitch feature relating to a second
characteristic of the media;
associating, by executing instructions with the processor,
the semantic audio signature data to the audio signature
data; and

processing, by executing instructions with the processor,

the associated semantic audio signature data and audio
signature data to determine a change in the second
characteristic relative to the first characteristic.

16. The method of claim 15, wherein the timber feature
includes one of a mean of a spectral centroid, a variance of
the spectral centroid, or a percentage of low/high energy
frames.

17. The method of claim 15, wherein the beat feature
includes one of an amplitude of peaks 1n a beat histogram,
a period of peaks 1n the beat histogram, or a ratio between
a peak and a sum of all peaks in the beat histogram.

18. The method of claim 15, wherein the pitch feature
includes one of an amplitude of prominent peaks 1n a pitch
histogram, or a period of peaks 1n the pitch histogram, where
the pitch histogram 1s on a full semitone scale or an octave
independent scale.

19. The method of claim 15, wherein the semantic audio
signature data includes at least one of a temporal feature, a
spectral feature, a harmonic feature, or a rhythmic feature.

20. The method of claim 15, wherein the semantic audio
signature data 1s generated by transforming an audio signal
of the media from a time domain to a frequency domain.
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